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A variable droop leading edge (VDLE) airfoil was successfully used to control compressible dynamic stall
and its associated adverse pitching moment variations. But, the price for this success was a 10% loss
of lift. A Gurney ﬂap was then attached normally to the airfoil pressure surface at its trailing edge
to recover this “lost-lift”. Gurney ﬂaps are seldom used in compressible ﬂow environment, especially
when large angles of attack changes are involved. So, it became necessary to ﬁnd the optimum
ﬂap height that worked satisfactorily for all helicopter retreating blade ﬂow conditions of interest.
Parametric experimental studies of airfoil relative performance data with three separate Gurney ﬂaps
(0.01c–0.03c height) indicated that a 1%-chord height ﬂap was the most satisfactory. Even though
the appropriate Gurney ﬂap height was thus established, a post-experiment analysis of the ensemble
averaged airfoil unsteady canonical pressure distributions offered an explanation for the observed success
of the 1% Gurney ﬂap. Based on the ﬁndings, it is suggested that canonical pressures could serve as a
new parameter that can be used for the determination of the Gurney ﬂap height and minimize the
experimental effort.
Published by Elsevier Masson SAS.1. Introduction
The problem of compressible dynamic stall is well known to he-
licopter aerodynamicists. It is encountered at subsonic freestream
Mach numbers as low as 0.2. The phenomenon and related phys-
ical issues have been discussed in detail in many papers and
reviews (Carr [1], Carr and Chandrasekhara [3], Platzer and Eka-
terinaris [15] to name a few) and the reader can refer to these
for full details. Dynamic stall occurs when an airfoil or wing ex-
ecutes a rapid maneuver past the static stall angle. This situa-
tion is routinely encountered by a helicopter retreating blade as
it pitches up and down during its azimuthal sweep or by a ﬁxed
wing while performing a maneuver. The major feature of the phe-
nomenon is the convection of an energetic vortex that forms near
the airfoil leading edge arising from the rapid coalescence of the
unsteady vorticity [3]. The airfoil lift is nearly doubled due to the
vortex enhanced low pressure region over the upper surface. Com-
pressibility promotes the onset of the event to progressively lower
angles of attack as the freestream Mach number is increased. It
can also change the mechanism of onset [7]. Regardless of the
static stall behavior of the airfoil and compressibility effects, dy-
namic stall tends to be a leading-edge type of stall. However, in
all uncontrolled cases, the vortex convects rapidly over the airfoil
✩ Invited paper presented at the International Conference on Aerospace Science
and Technology, 26–28 June 2008, Bangalore, India.
E-mail address:mchandra@nps.edu.1270-9638/$ – see front matter Published by Elsevier Masson SAS.
doi:10.1016/j.ast.2010.04.010upper surface. Thus, the lift increment persists only for a small an-
gle of attack range (about 1–2 degrees) of pitch-up motion. The
concomitant dynamic ﬂow pressure ﬁeld changes (and center of
pressure movement) induce large adverse (nose-down) pitching
moments, which result in moment-stall occurring prior to the on-
set of lift-stall. It is indeed the most undesirable consequence of
dynamic stall and hence, rotor craft controls are speciﬁcally limited
to prevent the rotor from ever entering the dynamic stall regime,
foregoing its large lift beneﬁt. Hence, without successful control
of dynamic stall, its beneﬁts would never be realized on a rotor
craft. Control of the phenomenon requires management of the air-
foil unsteady vorticity ﬁeld. Various control methods have been
attempted; notable are the use of dynamically deforming lead-
ing edge (DDLE) airfoil [8], variable droop leading edge (VDLE)
airfoil [5], oscillatory synthetic jet blowing [4], micro-jet blowing
[16]. Of these, the most successful one is the VDLE airfoil method.
The above studies have also shown that successful control effort
can even change the compressible dynamic stall onset mechanism
by altering the overall ﬂow ﬁeld and mitigating compressibility
effects. Of relevance to this paper is the VDLE airfoil method of
dynamic stall control which is brieﬂy described below. More de-
tails can be found in Chandrasekhara et al. [5].
In the variable droop leading edge (VDLE) airfoil method, the
airfoil leading edge is dynamically drooped synchronously with
its cyclic pitching motion to always negate the airfoil’s changing
angle of attack. This actually neutralizes the sharp rise in airfoil
suction. The consequent reduction of the airfoil leading edge ad-
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Fig. 2. Drag coeﬃcient for the basic VR-12 and VDLE airfoils in dynamic stall.
verse pressure gradient and broadening of the suction region over
the airfoil upper surface enables lift production to higher angles
of attack, without producing the vortex. The absence of the vor-
tex produces the most signiﬁcant result of favorably altering the
pitching-moment behavior [5]. The beneﬁts include a 50% reduc-
tion of the peak pitching moment and positive aerodynamic damp-
ing as shown in Fig. 1. Concomitantly, the airfoil (peak) form drag
drops by nearly 75%, Fig. 2, making the VDLE airfoil a highly desir-
able choice for compressible dynamic stall control. However, this
success comes at a price of about 10% loss of lift, see Fig. 3.
For a helicopter, lift on its retreating blade side is critical.
Hence, it was decided to ﬁnd a passive way to recover this loss,
while maintaining the other airfoil performance characteristics free
of dynamic stall effects like that achieved as above. Ever since its
introduction by Liebeck [13] to aerodynamicists, the Gurney ﬂapFig. 3. Lift coeﬃcient for the basic VR-12 and VDLE airfoils in dynamic stall.
has been used in steady aerodynamic ﬂows [10,11,18] to augment
lift. It is known that signiﬁcant increases can be obtained with
even a small height ﬂap. Physically, the Gurney ﬂap is a short, full-
span strip attached perpendicular to the chord on the pressure side
at the trailing edge. Occasionally, some variations in the arrange-
ment can be found. Generally, the height of the ﬂap is the only
variable which needs to be determined, which is done through
parametric studies. A criterion often quoted is based on the lowest
drag increase that can be accepted for a situation. Well founded
physical principles can reduce the number of such trials. Giguère
et al. [10] concluded from a systematic experimental study using
various ﬂap heights (0.5–5% of chord) that a height based on the
pressure surface trailing edge turbulent boundary layer thickness
served as a good value for the optimum ﬂap height – typically 1–
2% chord height works well. However, due to the large range of
the airfoil angle of attack during dynamic stall, the lower surface
trailing-edge boundary layer thickness changes by a large amount,
making basing the ﬂap height on it unsatisfactory. In addition, in-
creasing the ﬂap height increases the size of the local stagnation
region, deﬂecting the freestream ﬂow away from the lower surface.
The increasing amount of ﬂow separation from the larger ﬂap also
causes the trailing edge stagnation point to move progressively fur-
ther downstream into the wake [18]. Thus, with each different ﬂap
height, a slightly different overall airfoil ﬂow results, just like when
the angle of attack is increased. All these issues lead to the conclu-
sion that an alternate criterion is needed for determining the ﬂap
height that works for a wide range of ﬂow conditions. The goal of
the present study is to arrive at an optimum ﬂap height deﬁned as
that which provides just the necessary lift beneﬁt, with minimal
adverse effects.
A review of literature indicated that a criterion based on the
airfoil canonical pressure distributions as suggested by Smith [17]
might be a suitable approach for the optimization problem at hand
and hence will be explored further. It will be shown that by using
this criterion as a guide, it becomes possible to arrive at a satisfac-
tory ﬂap height for all Mach numbers of interest to a rotor-blade
dynamic stall ﬂow, despite the differences in the dynamic stall on-
set characteristics.
The airfoil canonical pressure coeﬃcient Cp is deﬁned in Eq. (1)
below [17].
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Cp = 1− Cp − 1
Cpmin − 1
(1)
Here, Cp is the airfoil pressure coeﬃcient at any location on the
airfoil and Cpmin is the value at the suction peak. Such normal-
ization yields suction peak and stagnation pressure coeﬃcients
of 0.0 and 1.0 respectively. Smith [17] states that airfoils with
similar canonical pressure distributions also stall similarly, if the
momentum-thickness Reynolds numbers near the suction peak lo-
cation are comparable, regardless of the (absolute) suction peak
values. Since no major changes are made to the airfoil leading
edge geometry leading up to the suction peak, it is likely that the
momentum thickness at that location (although very diﬃcult to
measure) will agree reasonably for the VDLE airfoil and its counter-
part with a Gurney ﬂap. So, if we can arrive at a ﬂap height whose
canonical pressure distribution matched the successful VDLE case,
then, we have arrived at the correct Gurney ﬂap height. Deter-
mination of the canonical pressure distributions requires accurate
measurements of the pressures both at the stagnation and suction
peak locations, which is very diﬃcult in experimental studies ow-
ing to the limited number of unsteady pressure sensors that can
be generally installed on an airfoil and the large movement of the
stagnation point (0–0.25c over α = 0–20◦). In the present exper-
iments, the fairly dense distribution of the pressure transducers
near these critical points makes this possible.
2. Description of the experiment
The experiments were conducted in the Compressible Dynamic
Stall Facility (CDSF) at NASA Ames Research Center. The various
features and ﬂow details of the CDSF have been reported in earlier
papers [15,7,8,5,4], see Ref. [2] for full details of the facility. Brieﬂy,
the CDSF is the test section (35 cm high × 25 cm wide × 100 cm
long) of an in-draft wind tunnel. The entrance section of this tun-
nel has been used in the past for aero-acoustic studies [9]; the
ﬂow uniformity in the tunnel has been reported [12] to be ±0.25%
at 58 m/s, with a turbulence intensity of 0.083% with a bandwidth
of 50–50,000 Hz. The uniqueness of the CDSF is that an airfoil is
mounted between its sidewalls and oscillated.
In the present studies, a 15.24 cm chord VR-12 airfoil model
was held between the two CDSF windows which were oscillated
at non-dimensional rates corresponding to a full-scale helicopter
retreating blade ﬂight conditions. The airfoil angle of attack vari-
ation was α(t) = 10◦ − 10◦ sinωt . The leading 25% of the air-
foil was held steady and the trailing 75% oscillated with the
windows, resulting in an effective leading edge dynamic droop
that was perfectly phase-locked with the airfoil sinusoidal oscil-
lations. For this test, the dynamic droop variation selected was
such that droop = −(angle of attack), with initial droop angle,
δinitial = 0 deg at α = 0 deg. High resolution incremental encoders
(800 counts/rev) mounted on the facility accurately provided the
instantaneous frequency and angle of attack information.
Tests were run by gluing thin brass angles (Gurney ﬂaps) of
different heights (0.01c, 0.02c and 0.03c), normal to the pressure
surface at the trailing edge as shown in Fig. 4. The nominal heights
of the ﬂaps reported include the thickness of the glue.
Twenty compensated, sealed-gage, unsteady, absolute, pressure
transducers at the locations shown in Table 1 were used to doc-
ument the instantaneous pressure data. It can be seen that the
leading 5% of the airfoil housed 7 gages. The transducers had aTable 1
Locations of the pressure taps on the VDLE airfoil [5].
Upper surface x/c Lower surface x/c
1 0.000 1 0.010
2 0.010 2 0.025
3 0.025 3 0.050
4 0.050 4 0.150
5 0.100 5 0.300
6 0.175 6 0.500
7 0.275 7 0.700





high frequency response and were calibrated individually by en-
closing them in a suitable suction cup that was evacuated using
an ISO 9000 certiﬁed Mensor pressure calibration unit over the an-
ticipated range of pressures. The CDSF is an in-draft wind tunnel
drawing air from the atmosphere and discharging into an evacua-
tion compressor. Thus, with the tunnel stagnation pressure at the
atmospheric value, the airfoil experienced only suction at all loca-
tions. All 20 transducers were linear over the range tested. Since
absolute pressures were measured, considerable care was taken
during calibration and experimentation to account for changes in
ambient pressure (caused by weather front movements), noise,
drift and such extraneous factors. The wind tunnel stagnation pres-
sure, the static pressure and the dynamic pressure were measured
using a Setra differential pressure transducer, with a veriﬁcation of
the ambient pressure from the Mensor calibration unit. This made
it possible to account for any drifts or environmental effects.
The transducers were individually connected to a 15 V DC
power supply and signal conditioners. The conditioned analog sig-
nal from each unit was recorded with a high speed (Microstar
Laboratories) ADC simultaneously with a digital encoder signal that
provided the airfoil instantaneous angle of attack information us-
ing custom developed LabVIEW software. Typical sampling rates
used were 4 kHz/channel with 40,000 samples/channel. At the os-
cillation frequencies used (up to 30 Hz), a suﬃciently large number
of realizations occurred with this approach. The data was ensem-
ble averaged after randomly initiating the acquisition and later
sorting into 800 bins, each bin one encoder-count wide (corre-
sponding to angle-of-attack bins of 0.002 to 0.08 deg depending
on the phase angle through the sine-wave of oscillation cycle for
α = 10◦ − 10◦ sinωt). Anywhere from 40 to 100 samples were
present in each bin. The standard deviation of the data was gen-
erally less than 3% which resulted in a low uncertainty of the
measured ensemble averaged unsteady pressures. The transducers
also had excellent temperature stability speciﬁcations.
The experiments of relevance to this paper form a small subset
of the larger range of parameters explored in the Gurney ﬂap lift-
augmentation studies:
• Mach number, M: 0.2, 0.3, 0.4
• Reduced frequency, k = π f cU∞ ≈ 0,0.05,0.1 ( f = airfoil oscilla-
tion frequency)
• Initial droop angle, δ: 0 deg (at α = 0 deg)
• VDLE case: droop = −(angle of attack)
• Angle of attack, α(t): 10◦ − 10◦ sinωt
• Reynolds number, Re: 0.7× 106–1.6× 106
• Gurney ﬂap height: 1% c, 2% c, 3% c
The following uncertainties have been estimated for the various
quantities:
• Mach number: ±0.005
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• Angle of attack: 0.05 deg
• Reduced frequency: 0.005
• Cp: ±0.05 at M = 0.3
• Cl , Cd and Cm: 0.05, 0.05, and 0.005
3. Results and discussion
Detailed results of the VDLE ﬂow with different Gurney ﬂaps
have been reported in [6]. This paper reports some results from
[6] related to the Gurney ﬂap cases and uses canonical pressure
distributions to explain why the 1% ﬂap was the most satisfactory.
As shown in Fig. 3 (for Mach number, M = 0.3, reduced fre-
quency, k = 0.1), the maximum lift coeﬃcient for the basic VR-12
airfoil is about 10% higher than that for the VDLE case. There is
no rapid lift increase for the VDLE case compared to the basic VR-
12 case, which conﬁrms the absence of the strong vortex typical
of dynamic stall. The gradual fall of lift values suggests a possi-
ble change of stall behavior to the trailing-edge type. Fig. 1 shows
that the peak pitching moment coeﬃcient for the VDLE airfoil case
is lower by 50% and the direction of its loop indicates positive
damping. For rotors, successful dynamic stall control is said to be
achieved if the magnitude of adverse, nose-down pitching moment
Cmmin is reduced drastically, with the vortex either fully absent
or, is weak, if at all present. Thus, by this metric, it is clear that
successful dynamic stall control was achieved by using the VDLE
airfoil [6], but at a price of about 10% decrease in Clmax as Fig. 3
also shows. Since lift is critical for a helicopter, the task of recov-
ering this lift-loss must be addressed if it has to be ever used on a
rotor blade. It is well known that attaching a Gurney ﬂap increases
the lift coeﬃcient. Liu and Montefort [14] have quantiﬁed the lift
improvement Cl using thin-airfoil theory and provide an expres-
sion for the lift increment as Cl ∝
√
h/c. Fig. 5 shows a plot of
the measured lift increase as a function of the square root of the
Gurney ﬂap height, h. Lift increments measured for the three Gur-
ney ﬂaps at their respective Clmax angles satisfy the above linear
relationship in Fig. 5.
The front face of a Gurney ﬂap is a stagnation region and hence,
when attached on the lower side, the local high pressure will cause
a nose-down pitching moment that can be expected to increase
with ﬂap height at all angles of attack. The theory and results pre-
sented in Ref. [14] also conﬁrm that Cm increases with the height
of the Gurney ﬂap. For a rotor blade, Cm is the most critical per-
formance element and it overrides any other beneﬁt. Thus, using aFig. 6. Pitching moment coeﬃcient for the VR-12 and 1%-Gurney ﬂap VDLE airfoils.
Gurney ﬂap for lift enhancement may even become unacceptable
if Cm increases. The task then is to determine a Gurney ﬂap height
that optimizes the lift increase while keeping the Cm behavior at
or near the optimum level. It is worth noting that the present
study aimed to generate adequate lift with the Gurney ﬂap in-
stalled such that it equaled what was obtained with the basic VR-
12 airfoil at corresponding angles of attack – when dynamic stall
was controlled – without the Cm issues. So, determination of the
minimum Gurney ﬂap height that met these requirements was the
goal. Results presented in Ref. [6] show that lift of an airfoil can
be increased signiﬁcantly using larger Gurney ﬂaps. However, from
the above, it should be clear that the shortest ﬂap that provides
these beneﬁts is the desirable one. In the absence of a scientiﬁc
method for this, a trial and error approach has been traditionally
used. General recommendations [10,11] (see Section 1) do not suf-
ﬁce, because of the dynamic stall ﬂow experiences large changes
due to the large range of angles of attack involved. Data obtained
from the present experiments conﬁrmed that a 1% chord-height
Gurney ﬂap satisﬁed the moment and lift requirements stated
above, as can be seen from Figs. 6 and 7. In addition, the beneﬁt
of form drag reduction was still retained to a large extent, Fig. 8.
However, since this result was obtained through trial and error,
it became necessary to establish the reasons for the success doc-
umented in Figs. 6–8. Towards this goal, the airfoil pressure data
was analyzed in terms of the canonical pressure coeﬃcients. Such
an analysis can help narrowing the range of heights required to be
investigated to arrive at the “appropriate” Gurney ﬂap height, be-
cause of the meaning of similar distributions in this context stated
earlier. The following brieﬂy describes the results of that analysis.
Fig. 9 presents an example of the measured pressure distribu-
tions for M = 0.4, k = 0.05 and α = 10.08 deg for the VR-12 airfoil,
without and with the three ﬂaps under study. It shows that for
the VR-12 airfoil and that with the small 1%-chord ﬂap, the ef-
fect of the Gurney ﬂap is felt strongly only over the trailing half of
the airfoil. (Fig. 10 of Ref. [6] shows that this result is indeed true
over all upstroke angles of attack.) In general, the presence of the
Gurney ﬂap moves the rear stagnation point into the airfoil wake
(Ref. [18]), because of which some differences are introduced to-
wards the trailing edge. The ﬁgure also shows that the pressures
are typically higher on the lower surface, more so towards the
trailing edge, with the Gurney ﬂap is in place. (The last point at
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Fig. 8. Drag coeﬃcient for the VR-12, VDLE and 1%-Gurney ﬂap VDLE airfoils.
the trailing edge has been manually added.) The Gurney ﬂapped
airfoil produces a higher lift as a result of this pressure difference.
Even though much larger changes in pressure difference are ob-
served for the 3% height case indicating a higher lift increment, the
corresponding pitching moment was also strongly adverse [6]. Fur-
ther, the large leading edge acceleration due to strong streamline
curvature (upstream effect of the G-ﬂap) caused locally strong su-
personic ﬂow (Cp ∼= −9.5, Cpcrit = −7.0) and could have even led to
shock-induced separation near the leading edge. Thus, it changed
the ﬂow unfavorably and will not be discussed further.
Figs. 10a and 10b present the canonical pressure distributions
for four cases: the VR-12 airfoil (basic and VDLE) and the 1% Gur-
ney ﬂap (basic and VDLE) conﬁgurations at upstroke angles of
attack of 16 deg and 19.01 deg respectively. In these ﬁgures, posi-
tive values of x/c represent the upper surface, and negative values,Fig. 9. Pressure distributions for the basic VR-12 airfoil, 1% chord, 2% chord and 3%
chord Gurney ﬂapped VR-12 airfoils.
the lower surface. At α = 16 deg, dynamic stall onset is immi-
nent for the VR-12 airfoil with and without the 1% ﬂap. The vortex
eventually forms around α ≈ 17 deg at x/c ≈ 0.1 (Fig. 10a); the
lift increases until α ≈ 18.5 deg (see Fig. 9) when deep dynamic
stall ensues. The nearly coincident upper surface canonical pres-
sure distributions for the two un-drooped cases imply that these
ﬂows should be essentially similar. The local distributions are also
strongly concave and this should lead to a large pressure recov-
ery (Cp = 0.8) at the trailing edge. Smith [17] (following another
reference) quotes a value of Cp = 0.88 for ﬂow separation of trail-
ing edge stalling geometries. This criterion serves as a useful tool
to assess whether the controlled dynamic stall ﬂow experiences
trailing edge separation, especially because in most such cases,
compressibility effects are mitigated and the ﬂow may tend to-
wards trailing edge separation. It may have to be avoided from the
performance considerations described above. In the VDLE cases
(Figs. 10a and 10b), stall onset occurred at a lower value of Cp
(about 0.6) from downstream of the 0.25c point. The Cp value
near the trailing edge remained lower, indicating no trailing edge
stall and pointing to the fact that the trailing edge stagnation point
(where Cp = 1) had moved into the wake, as has been mentioned
earlier. It is also interesting that just like for the basic VR-12 airfoil
with and without the 1%-Gurney ﬂap, the two pressure distribu-
tions for these conﬁgurations are nearly similar. Once again, using
Smith’s criterion, it can be inferred that the 1%-chord Gurney ﬂap
has essentially retained the stall behavior observed for the VDLE
airfoil. However, as was already established from Figs. 6–8, the 1%-
Gurney ﬂap airfoil does not suffer from the loss of lift, but has a
slightly increased drag and pitching moment coeﬃcients. But, de-
spite these increases, the 1%-chord Gurney ﬂap airfoil delivered the
total performance specs stipulated for compressible dynamic stall
control. A similar result was observed at other test Mach numbers
for the 1%-ﬂap height case, but not with the 2%- and 3%-chord
Gurney ﬂap height.
4. Conclusion
Although dynamic stall control was achieved using a VDLE air-
foil, the 10% loss of lift had to be recovered because of its im-
portance to a helicopter. A Gurney ﬂap was used for this purpose.
However, establishing its proper height to satisfy the demanding
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Fig. 10. Canonical pressure distributions for the VR-12, VDLE-VR-12, 1%-Gurney
ﬂap VR-12 and 1%-Gurney ﬂap VDLE airfoils; (a) α = 16 deg, upstroke; (b) α =
19.01 deg, upstroke.
requirements of a rotor operating under unsteady, compressible
conditions is a challenge. In dynamic stall ﬂow where the angle
of attack has a wide range, the unsteadiness, compressibility and
ﬂow variations tend to limit the applicability of any criterion found
in the literature. In this paper, a recommendation based on Smith’scanonical pressure distributions was examined to determine its ap-
plicability for the controlled dynamic stall ﬂow without and with
a Gurney ﬂap to arrive at a proper height. Three Gurney ﬂaps of
1%, 2% and 3% chord heights were tested at conditions of rele-
vance to a helicopter retreating blade on a VDLE airfoil. For the
most satisfactory geometry, the VDLE airfoil with 1% chord height
ﬂap, it was found that the canonical pressure distributions nearly
matched with and without the ﬂap in place providing an answer to
why the 1% chord height worked the best. The 2% and the 3% ﬂaps
did not yield a similar result. It seems then that CFD studies could
be conducted initially to compare the canonical pressure distribu-
tions and generate a satisfactory smaller height range as a starting
point for testing. Experiments can then be carried out with ﬂap
height selected in this narrower range to verify and ﬁne tune the
results to arrive at the “optimum” height. It is believed that it is
the ﬁrst time such an analysis has been applied to a compressible,
unsteady ﬂow control problem. The primary goal of at least retain-
ing the VR-12 airfoil lift, with the favorable pitching moment loop
of the VDLE airfoil was satisfactorily achieved, without an undue
increase of the drag and pitching moment coeﬃcients.
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